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The study on the condensation and the two-phase flow pattern in the condensation section is important to under- 
stand the operating mechanisms in a thermosyphon. In this paper, a new electric capacitance tomography (ECT) 
sensor was designed for the visualization measurement in a liquid by removing the shielding case and sealing 
with insulating hydrophobic material. It was successfully used to measure the condensation process in a thermo- 
syphon under different operating temperatures. The thermosyphon was made of silica glass, and alcohol was used 
as a working fluid. The alcohol vapor was cooled to condense through the heat convection with the cooling water. 
The operating temperature was controlled by a heater with different power outputs. The experimental results show 
that the alcohol vapor condensed in stripes and unevenly on the wall surface at a low operating temperature. The 
liquid bridge will be formed periodically at the operating temperature of 90°C, and the time interval between two 
liquid bridges will be shorter with the increase of the operating temperature. At 117°C or even higher operating 


temperatures, the complete liquid bridge cannot be formed sometimes due to the difference of the growth rate of 


the surface wave around the circumference. 
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Introduction 


The thermosyphon has no wick structure compared 
with traditional heat pipes, and it absorbs and rejects heat 
circularly relying mainly on the gravity effect. The ther- 
mosyphon has the appealing properties, including simple 
structure, convenient manufacture, reliable operation, etc. 
As one kind of efficient heat exchange elements, it has 
been widely used in many fields, e.g., refrigeration, che- 
mical engineering, renewable energy development, com- 
prehensive utilization of thermal energy, recycling of 
waste heat, and even for the temperature calibration H”, 
As its important component, the condenser section will 
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influence its performances. The physical process in the 
condenser section is a complex phenomenon involving 
vapor-liquid two phase flow, condensation and convec- 
tion heat transfer simultaneously. Researches on the 
transformation of the liquid film and vapor-liquid distri- 
butions in the condensing section may be beneficial for 
understanding the operation characteristics of the ther- 
mosyphon and the optimization design of the geometrical 
structure. 

Most of the experimental studies focus mainly on the 
influences of the heat transfer performances with differ- 
ent working fluids, body materials, geometric dimensions, 
etc. "I, A number of thermocouples are usually fixed on 
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the thermosyphon wall to measure the axial temperature 
distribution to calculate the relevant performance para- 
meters. Few researchers pay attention to the condensation 
characteristics happened in the condenser section. An- 
jankar"®! et al. studied the effect on the thermal perfor- 
mance of different condenser length. The filling ratio and 
aspect ratio were 60% and 11.53 respectively, and the 
distilled water was adopted as the working fluid. The 
result shows that the condenser section length should be 
1.5 times to that of the evaporator length to get good 
thermal performance. Ong and Haider-E-Alahi'"" inves- 
tigated performance variation of a thermosyphon filled 
with R134a due to the temperature difference between 
the bath and condenser section, fill ratio and coolant 
mass flow rate. They found that the heat flux transferred 
increased with increasing coolant mass flow rate, filling 
ratio, and temperature difference between bath and con- 
denser section. Rahimi!”! et al. investigated the effect of 
the condenser and evaporator resurfacing on overall per- 
formances of the thermosyphon. They found that the 
thermal performances of the thermosyphon increases by 
15.27% and the thermal resistance decreased by 2.35 
times compared with plane one. Wang and Ma!"®! studied 
condensation heat transfer inside vertical and inclined 
thermosyphons. The result shows that the inclination 
angle has a notable influence on the condensation coeffi- 
cient, and the optimum inclination angle varies with the 
liquid filling from 20-50 degrees. Hussein!'*! et al. de- 
veloped Wang and Ma correlation for the laminar-film 
condensation heat transfer inside inclined wickless heat 
pipes flat-plate solar collector. They also found that the 
inclination angle has a significant effect on the condensa- 
tion heat transfer. Some researchers discovered the con- 
densation process in a thermosyphon in theory. Shi- 
raish""*! divided the whole thermosyphon into three parts, 
i.e., the condenser section, the adiabatic section and the 
evaporator section. Nusselt theory was used to solve the 
laminar film condensation in the condenser section 
without considering the influence of the shear stress at 
the liquid-vapor interface and the sub-cooling of the liq- 
uid film. Bharathan"®! et al. gave the same conclusion at 
a low Reynolds liquid film. However, the shear stress at 
the liquid-vapor interface becomes progressively impor- 
tant at intermediate and high Reynolds numbers liquid 
film. EL-Genk''” et al. developed a one-dimensional, 
steady-state analytical model to predict the counter cur- 
rent flow limit at the exit of the condenser and evaporator 
section which treated the shear stress at the liquid-vapor 
interface as the sum of adiabatic shear stress and dynamic 
shear stress. Seban and Faghri''®! presented a one-dimen- 
sional model for laminar-wavy film condensation with 
laminar or turbulent vapor flow considering the effect of 
wave formation. Pan!’ developed a condensation model 
by considering the interfacial stress due to mass transfer 


J. Therm. Sci., Vol.25, No.2, 2016 


and interfacial velocity. It was found that the condensa- 
tion heat transfer is greatly affected by the relative veloc- 
ity ratio and the momentum transfer factor and the sub- 
flooding limit was proposed. Teng” adopted the Ray- 
leigh method to analyze the stability of the condensation 
film in concurrent and counter flow, and the capillary 
block phenomenon in a small diameter thermosyphon 
was attributed to Rayleigh instability which caused brea- 
kup of the condensate film and Laplace instability which 
induced breakup of condensate collars into liquid bridges. 

In order to understand the thermosyphon works, some 
attempts were made to study its operation characteristics 
in a thermosyphon by the visualization method. Shirai- 
shi?" et al. made the evaporator section and the adiabatic 
section with glass to observe the flow phenomena at in- 
clined angles. Storch”! et al. developed a special pres- 
sure lock system for the head of the thermosyphon. A 
miniature camera can enter into the thermosyphon for the 
visual observations to study the starting process of the 
wetted areas and the liquid pool. Fukano”! et al. visually 
observed the aspects of the vapor—liquid flow in the 
adiabatic section of a pipe, and clarified the relation be- 
tween the flow pattern and the operating limit in a closed 
two-phase thermosyphon with a uniform heated pipe. 

In a multi-phase flow system, the dielectric constants 
of different phases are different. With the variations of 
the distribution or the concentration of these phases, the 
equivalent dielectric constants of the mixtures will 
change. According to this theory, the ECT technology 
uses a certain number of electrodes to gather the capacit- 
ance values between different electrode pairs and applies 
an appropriate algorithm to reconstruct the spatial ma- 
terial distribution from the given capacitance values” 4”, 
As one kind of non-contact measurement technique, the 
ECT method is considered to be an effective tool for the 
on-line flow pattern identification and the porosity mea- 
surement in a liquid-vapor two-phase flow system. Wa- 
risto’*! et al. developed a new reconstruction algorithm 
based on a modified Holleld dynamic neural network 
optimization technique to reconstruct the tomographic 
data to obtain the cross-sectional distribution of the gas 
hold-up. Cui!” used the ECT method to investigate dis- 
tribution of the oil film thickness of the air/oil flow. 
Liu*! designed a kind of transducer which was as part of 
the heat pipe as well to detect the two-phase flow in the 
adiabatic section of a thermosyphon. 

The ECT method will be used to study the vapor- 
liquid two-phase flow in the condenser section of the 
thermosyphon in this paper. A new ECT sensor is pro- 
posed for the visualization measurement in a liquid, 
which can achieve the measurement of the condensation 
process in the thermosyphon. Under different operating 
temperatures, the condensation characteristics, including 
the vapor-liquid distribution and the variation of the liq- 
uid film on the wall, will be experimentally studied with 
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the proposed ECT sensor. 


Experimental Setup 


The experimental system mainly includes the thermo- 
syphon, the heating subsystem, the circular cooling water 
subsystem, and the ECT system, which are shown in Fig 
1. The thermosyphon is made of quartz glass. Its inner 
diameter is 16 mm and the wall thickness is 1.5 mm. The 
length is 500 mm, 100 mm for the evaporator section, 
100 mm for the condenser section, and the remainder for 
the adiabatic section. Alcohol is used as a working fluid 
in the thermosyphon. The quantity of the injection is 
about 16% of the total thermosyphon volume, 80 mm in 
length. The evaporator section of the thermosyphon is 
embedded in a copper block in which four heating rods 
are installed. The rated heating power for each heating 
rod is 50 W. The heating power can be adjusted via 
changing the voltage in the circuit. The temperature of 
the copper block is measured with copper constantan 
thermocouples, with a accuracy of +0.5 °C, which is 
regarded as the operation temperature of the thermosy- 
phon. The adiabatic section is wrapped in a thermal in- 
sulation layer of 20 mm thickness. The working fluid is 
cooled and condensed in the condenser section of the 
thermosyphon by cooling water. The inlet temperature 
and the flow rate of the cooling water are fixed during the 
experiments. 

An 8-electrode capacitance sensor is installed around 
the wall of the condenser section to observe the con- 
densing process under different operational conditions. 
The sensor, which is shown in Fig 2, has 8 measurement 
electrodes, 2 circular terminal shielding electrodes, 8 
separating electrodes, and cables for signal transmission. 
The length and width of the measurement electrode is 30 
mm and 4.3 mm, respectively. With the consideration of 
the limitation of the measurement condition, the sensor 
does not include the shielding, which is different from 
traditional structures. The sensor is sealed by a layer of 
insulating hydrophobic material to prevent water. The 
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Fig. 1 Schematic Diagram of the Experimental Setup 
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Fig. 2 Structure of the Capacitance Sensor in the Experiments 


signal transmission cables are drawn from the top cover 
of the cooling jacket, and connected to the data acquisi- 
tion system. The measured capacitance data will be 
transmitted to the computer, and the linear back projec- 
tion method is employed to reconstruct the vapor-liquid 
phase distribution images. Before the experiments, the 
capacitance sensor is calibrated with an empty (alcohol 
vapor) and full field (liquid alcohol), in which the cor- 
responding image colors are blue and red in this paper, 
respectively. 


Results and Discussion 


Experiments were conducted under different operating 
temperatures of the evaporator section of the thermosy- 
phon by adjusting the power output of the heating rods. 
By changing the voltage in small steps, the thermosy- 
phon operated from one steady state to another. The cir- 
cuit voltage varied between 30-80 V, the electrical pow- 
ers correspond to 9-56 W. The operating temperature was 
limited in the range of 70—135 °C. 

Fig. 3 shows the online monitoring results at the oper- 
ating temperatures of 70 and 80°C. At the two tempera- 
tures, the heat exchange load of the thermosyphon is low, 
so the amount of evaporation is small. The alcohol vapor 
is condensed into liquid after the heat exchange with the 
cooling water, which presents an uneven distribution on 
the wall of the condenser section. The flow appears in 
stripes. Before the striped flow, the alcohol steam is 
cooled into small liquid drops and attach to the thermo- 
syphon wall. The number of the liquid drops increases, 
and they even cover the entire wall of the condensation 
section. With the increase of the heat exchange load, the 
size of the liquid drops will also increase. The adjacent 
drops will agglomerate together with the action of the 
surface tension and gravity. When gravity on the liquid 
drops is larger than the adhesive force from the wall, the 
liquid drops will fall off and form the strip flow °°!. Due 
to the weak signal at the edge of the measurement do- 
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main and the limitation of the image reconstruction me- 
thod, the interface between the liquid and vapor is 
blurred under the two operation conditions. But the re- 
constructed images can still reflect the distribution cha- 
racteristics of the liquid and vapor qualitatively, and can 
be used to monitor the variations of the flow patterns. 
The stripe flow continues before the operating tem- 
perature is increased to 90°C. A kind of periodic pheno- 
menon appeared in the condenser section at the operating 
temperature of 90°C. The variation of the condensate film 
for one cycle is shown in Fig 4. Firstly, a circular flow 
happens around almost the whole circumference at a time 
due to the increase of the condensation amount, then the 
condensing liquid occupied the whole cross section and 
changes into the circular flow again. At the end of peri- 
odic phenomenon, the condensate flow nearly recovers 
into the stripe flow. Because of the vapor condensation, 
the condensate film thickens during its downward flow, 
and the vapor upward from the evaporator thickens it 
further. Owing to either the hydrodynamic force or the 
surface tension, the inner surface of the annular conden- 
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sate film is inherently unstable and surface waves will 
form at the vapor-liquid interface. The wave crest of the 
surface wave with the maximum growth rate meets the 
centerline of the tube to form a liquid bridge, so the 
whole cross section of the condenser is occupied by the 
condensate liquid. After the transit of the liquid bridge, 
the condensate film will recover to the original state fi- 
nally. At the operating temperature of 90°C, the time in- 
terval between two liquid bridges is about 10 minutes. 
With the increase of the operating temperature, the 
amount of the condensate liquid and the relative velocity 
between the vapor and the condensate film increase. The 
time for forming the liquid bridge will be shorter. At the 
operating temperature of 100°C, the evolution of the 
condensate film is almost similar to that of 90°C shown 
in Fig. 4, but the time interval becomes much shorter, i.e., 
about 5 minutes. At the operating temperature of 108°C, 
the time interval is reduced to 20 seconds. 

The condensate film evolution at the operating tem- 
perature of 117°C is shown in Fig. 5. The instability of 
the condensate film may demonstrate different shapes. In 


Fig. 3 Re-construct Images at the operating temperature of 70°C and 80°C 


Fig. 4 Periodic evolution of condensate film at the operating temperature of 90°C 
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Case 1 


Case 2 


Case 3 


Fig. 5 Condensate film evolution at the operating temperature of 117°C 


Case 1, the condensate film also forms a liquid bridge, 
which is similar to that at 90°C, but the end state is more 
closed to the circular flow due to the increased conden- 
sate liquid at higher thermal load and the shorter time 
interval. Because of distribution difference of the con- 
densate film around the circumference of the condenser 
section, the instability of the surface waves may happen 
just in some part of the circumference, and the complete 
liquid bridge cannot be formed just as shown in Cases 2 
and 3. Under such operating temperature, a much larger 


amount of the working fluid is involved in the thermal 
cycle. The thickness of the condensate film and the vapor 
velocity near to the condensate film rises further. Com- 
pared with the low vapor velocities, the vapor-liquid in- 
terface at high vapor velocities is often more irregular 
because disturbance waves easily break up due to a large 
hydrodynamic interfacial force. The time interval be- 
tween the adjacent broken surface waves is shortened 
further to about 10 seconds. 

Fig.6 shows two kinds of the variation of the conden- 
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Fig.6 Condensate Film Evolution at the operating temperature of 124°C 


sate film, Cases 1 and 2, at the operating temperature of 
124°C. At this temperature, the condensate film variation 
characteristics are similar to that at 117°C, but the con- 
centration of liquid alcohol is much lower when the sur- 
face wave unsteadily happens according to the recon- 
struct images. This phenomenon can be attributed to two 
reasons. Firstly, the flow rate, and the inlet temperature 
of the coolant water remains unchanged in the experi- 
ments, and the latent heat of the vapor condensation only 
changes a little with the increase of the operating temper- 
ature, so there is a maximum amount of vapor that can be 
condensed into liquid, corresponding to a critical operat- 
ing temperature of the thermosyphon. The vapor concen- 
tration in the condenser section will get higher with the 
increase of the operating temperature if it exceeds the 
critical value, so no red color is observed when the liquid 
bridge go through the ECT sensor. Another reason is that 
the part of the condensate liquid is pushed to the close 
end of the condenser section due to the high vapor veloc- 
ity °°. Only part of the working fluid cycles between the 
condenser and the evaporator. The possibility cannot be 
observed because almost the whole condenser section is 
sealed with the insulating hydrophobic material. 


Conclusions 


In this paper, we proposed a new ECT sensor to inves- 
tigate the flow patterns in a thermosyphon system under 
different operational conditions by the removal of the 
shielding case of a traditional measuring sensor. The new 
sensor is used to qualitatively study the operation cha- 
racteristics of the condensation section in a thermosy- 
phon under different operational conditions. The experi- 
mental results show that alcohol vapor will condense into 


strips at a low operating temperature. At the operating 
temperature of 90°C, liquid bridges are formed periodi- 
cally in the condenser section due to the instability of the 
surface wave, and the time interval between two liquid 
bridges will shorter with the increase of the operating 
temperature. The surface wave may unsteadily happen at 
just part of the circumference owing to the vapor distri- 
bution difference on the wall of the condenser section at 
the operating temperature of 117°C. Research findings 
provide a new approach for understanding the physical 
machines of the thermosyphon. 
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